Our results indicate that mGluR5 promotes radial process growth via NRG activation by a mechanism involving TRPC3 channels and MMPs. Thus neurotransmitters acting on G-protein coupled receptors could play a central role in the maintenance of the radial glial scaffold through activation of NRG/ErbB4 signaling.
| I N TR ODU C TI ON
During the development of the cerebral cortex a transient population of cells known as the radial glial cells play an essential role through their function as guides for neuronal migration (Kriegstein & AlvarezBuylla, 2009; Noctor, Flint, Weissman, Dammerman, & Kriegstein, 2001; Rakic, 1971) . In radial glial assisted migration, neurons use radial glial process as scaffolds to shuttle on. The radial glia finally differentiate into astrocytic cells and maintain their role as a scaffold for neuronal migration in adult neurogenesis (Marin & Rubenstein, 2001) . Far from simply serving as a passive role in this process, radial glia constitute a dynamic population of cells that alter their behavior in response to diverse cues from the surrounding environment.
Neuronal cells play a determinant role in regulating and maintaining the function of radial glial cells as migratory guides (Feng & Heintz, 1995; Gasser & Hatten, 1990; Hunter & Hatten, 1995) . Although the role of a variety of factors have been implicated in glial-neuron interactions (Cardenas, Kong, Alvarez, Maldonado, & Leyton, 2014; Sild & Ruthazer, 2011) , studies show that a family of secreted growth factors known as the neuregulins (NRG) play a major role in neuronal migration and radial glia integrity (Anton, Marchionni, Lee, & Rakic, 1997; LopezBendito et al., 2006; Rio, Rieff, Qi, Khurana, & Corfas, 1997) . This family of structurally related polypeptides (NRG1-4) each contains an epidermal growth factor (EGF) like domain that can activate the v-erb-a erythroblastic leukemia viral oncogene homolog (ErbB) family of tyrosine kinase receptors (Birchmeier, 2009; Buonanno & Fischbach, 2001; Mei & Nave, 2014) . Interactions between these domains and ErbB receptors can occur in a juxtacrine or paracrine manner after the Pauli M. Turunen and Verna Louhivuori contributed equally to this work. proteolytic activation of NRG by a disintegrin and metalloprotease (ADAM) and/or matrix metalloprotease (MMP) (Ohtsu, Dempsey, & Eguchi, 2006) . ErbB4 receptors are expressed in the subventricular zone (SVZ) during embryonic neurogenesis (H. Li, Chou, Hamasaki, Perez-Garcia, & O'Leary, 2012) . Both NRG and ErbB4 receptors are expressed in radial glial cells during embryonic development (Anton et al., 2004) and NRG knock-down disturbs radial glial growth. Furthermore selective knockdown of radial glial ErbB4 disturbs neuronal migration and placement (Schmid et al., 2003) .
G-protein coupled receptors (GPCR) have been demonstrated to
transactivate ErbB receptor family members, with most studies focusing on the EGF receptor ErbB1 (Daub, Weiss, Wallasch, & Ullrich, 1996; Gschwind, Zwick, Prenzel, Leserer, & Ullrich, 2001; Ohtsu et al., 2006) . Activity dependent proteolytic release of NRG1 has also been demonstrated (Ozaki, Itoh, Miyakawa, Kishida, & Hashikawa, 2004) .
GPCR transactivation of ErbB seems to require protein kinase C (PKC) (Tsai, Morielli, & Peralta, 1997) or elevations in intracellular Ca 21 ([Ca 21 ] i ) (Eguchi et al., 1998; Zwick et al., 1997) . Hydroxamate based metalloprotease inhibitors, which inhibit ADAM and/or MMP, block EGFR transactivation induced by a variety of GPCR agonists (Asakura et al., 2002; Prenzel et al., 1999; Saito et al., 2002) .
The metabotropic glutamate receptor 5 (mGluR5) has emerged as being essential for normal neurogenesis (Di Giorgi Gerevini et al., 2004) . We have recently shown that during the early in vitro differentiation process of embryonically derived cortical neural progenitor cells this receptor is predominantly located on radial glial cells and its inhibition disturbs radial process extensions Louhivuori et al., 2015) . mGluR5 is coupled to activation of a nonselective cation channel, canonical transient receptor potential 3 (TRPC3) (Berg, Sen, & Bayliss, 2007; Kim et al., 2003; Louhivuori et al., 2015) which has previously been shown to act as a signal for chemotaxis (Amaral & PozzoMiller, 2007; H. S. Li, Xu, & Montell, 1999) . Loss of TRPC3 or its inhibition by the selective blocker pyr3 leads to a disruption of radial processes (Louhivuori et al., 2015) . Furthermore, disrupting mGluR5/TRPC3 signaling revealed that mGluR5 acting via TRPC3 may be of central importance in radial glial neuronal interactions (Louhivuori et al., 2015) .
The aim of this study was to investigate the role of NRG/ErbB receptors in mGluR5/TRPC3 mediated maintenance of radial processes.
| M A TE RI A L S A ND M E TH ODS

| Cell culture and neuronal differentiation
Neural progenitor cells (NPCs) were isolated from the walls of the lateral ventricles of embryonic day (E) 14.5 129SvJ/C57Bl6/N mice, as described previously (Reynolds & Weiss, 1992) . Briefly, cells were grown as free-floating aggregates, known as neurospheres, in Dulbecco's Modified Eagle Medium: Ham's Nutrient Mixture F-12 media (1:1) containing B27 supplement (both from Gibco, Life Technologies Ltd, Paisley, UK), 2 mM L-glutamine, 15 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), 100 U/ml penicillin, and 100 U/ml streptomycin (all from Sigma-Aldrich, St. Louis, MO, USA), in the presence of 10 ng/ml fibroblast growth factor (FGF) and 20 ng/ml EGF (both from PeproTech EC Ltd, London, UK), in a 5% CO 2 -humidified incubator at 1378C. The culture media was refreshed twice a week and growth factors were added three times per week. Cells were passaged by manual trituration at approximately 7-10 day intervals. For neuronal differentiation neurospheres were plated on poly-DLornithine (Sigma-Aldrich) coated culture dishes or cover glasses in the absence of mitogens. Growth factor withdrawal induced spontaneous neuronal differentiation.
2.2 | RNA isolation, cDNA synthesis and PCR Total RNA was isolated from proliferating NPCs and NPCs differentiated for 1 and 3 days using the RNeasy Mini Kit (Qiagen, Venlo, Netherlands) according to the manufacturer's instructions. RNA concentration was quantified using a NanoDrop ND8000 spectrophotometer (Thermo Fisher Scientific, MA, USA) and the Transcriptor High Fidelity cDNA Synthesis Kit, random hexamer primer (Roche Applied Science, Basel, Switzerland) were used for cDNA synthesis. The resulting cDNA was amplified in the T100 thermal cycler (BIO-RAD, CA, USA) with the primers for ErbB3, ErbB4, and the neuregulins (NRG1, NRG2, and NRG3).The primers used have been listed in Table 1 . The PCR conditions briefly are 1) 958C 5 min, 2) 958C 30 sec, 3) 608C for 45 sec, 4) 728C for 45 sec (steps 2-4 repeat 353), 5) final extension at 728C for 10 min and 6) final hold at 48C. Adult mouse whole brain cDNA (Takara Clontech, CA, USA) was used as positive control for all the reactions. The polymerase chain reaction (PCR) products were then run on 1.5% agarose gel with ethidium bromide and the images were captured with the MultiImageTM light cabinet (Alpha Innotech Corporation, CA, USA).
| Time-lapse imaging
Time-lapse imaging of cellular movement was performed in a selfcontained cell-culturing instrument combining phase contrast microscopy, automation and environmental control (Cell-IQ® system, ChipMan Technologies Ltd, Tampere, Finland). The imaging system enables continuous monitoring of adherent cells in two plates in an integrated plate holder. Time lapse images were analyzed with ImageJ (Schneider, Rasband, & Eliceiri, 2012) and its plugin MJtracker (Meijering, Dzyubachyk, & Smal, 2012) and the data quantified with Excel (Microscoft, Redmond, WA, USA) and Origin 6.0 (OriginLabCorp). 
| Calcium imaging
| Ca 21 imaging of embryonic cortical slabs
Female mice carrying E14.5 fetuses were sacrificed and fetuses were extracted and placed on ice. The fetal brains were then removed and once the cerebral hemispheres were exposed under the dissecting scope, the hemisphere were pinched off with forceps and a neocortical slab was cut out by trimming the cingulate cortex and ganglionic eminences (Janisch et al., 2013) . Cortical slabs (300 mM thick) were then immersed in oxygenated artificial cerebrospinal fluid (ACSF [in mM]:
125 NaCl, 25 NaHCO 3 , 1.25 NaH 2 PPO 4 , 20 Glucose, 5 KCl, 2 CaCl 2 , 1
MgCl 2 ) at room temperature for at least 1 hour (hr) before imaging.
The slabs were then immersed in oxygenated ACSF containing the Analysis of the acquired time-lapse movies was performed using FIJI (Schindelin et al., 2012) and custom MATLAB (Mathworks) scripts.
To adjust for movements during the image acquisition, linear stack alignment with SIFT (FIJI) were performed prior to region of interest (ROI) selection. Using custom MATLAB scripts, changes in fluorescence intensity over mean fluorescence (F/Ḟ) were calculated for each ROI over the entire time course of the movie. Cells that were lost in focus during the recording period were disregarded in the analysis.
| Immunocytochemistry
NPCs were differentiated for 3 days on poly-DL-ornithine coated cover 
| Data analysis
Statistical comparisons between groups were performed using oneway ANOVA followed by Tukey post hoc tests. Student's nonpaired t-test was used in experiments with two groups. Significances are as follows: p > .05 ns (not significant); *p < .05; **p < .01; ***p < .001.
| R E SU LTS
3.1 | ErbB4 and NRG3 mRNA is expressed in E14.5 NPCs NRG has previously been shown to be essential for radial glial structure integrity and growth (Anton et al., 1997; Gierdalski, Sardi, Corfas, & Juliano, 2005; Schmid et al., 2003; Zheng & Feng, 2006) . To date, the Allen Brain Atlas (Jones, Overly, & Sunkin, 2009) PCR amplification of the NRG1-3 genes were also tested. NRG3
was detected in both proliferating and differentiated NPCs ( Figure 1B ).
The detection of the NRG1 amplicon was just below the detection limit, appearing and reappearing in different gel runs, however a clear band was seen in the whole brain cDNA preparation of adult mice as shown in Supporting Information Figure S2A . No observable band for NRG2 was found in either proliferating or differentiating NPCs, nonetheless, a clear band was detected in the adult whole brain (Supporting Information Figure S2B ).
| ErbB4 stimulates radial glial process extension and rescues the reduction in radial glial length brought about by MPEP, pyr3 and Gefitinib in E14.5 NPCs
The neurosphere model allows quantitative analysis of the migratory behavior of radial glial cells and neurons. To evaluate the regulation of radial process extension in vitro, time lapse imaging experiments were performed on differentiating E14.5 derived cortical neurospheres.
Removal of mitogens from neurosphere cultures leads to an extension of thick radial processes from the neurosphere (Figure 2A ). In Figure   2A , neuronal cells (denoted with "N") move outside or in close contact with these processes (Jansson et al., 2012 (Jansson et al., 2012 Louhivuori et al., 2015) . The staining of the thick radial processes with GLAST/BLBP and Musashi would suggest that these cells are analogous to radial glia.
Antibodies directed against the ErbB4 receptor were used to localize receptor expression (Supporting Information Figure S1 ). Co-staining of
ErbB4 with MAP-2 shows strong ErbB4 staining in neuronal cells (Supporting Information Figure S1B ), although only part of the ErbB4 positive cells (green) additionally stained for MAP-2. GLAST staining shows the dense radial glial network (Supporting Information Figure S1C ).
Although abundant staining for ErbB4 (red) is seen on these processes it is difficult to distinguish radial glial staining of ErbB4 from that of associated neurons. No detectable fluorescence was observed with To assess whether NRG/ErbB4 is involved in the disturbances brought about by disrupting mGluR5/TRPC3 signaling, neurospheres cultured in the presence of blockers of this pathway (MPEP, a blocker of mGluR5 and pyr3, a blocker of TRPC3) were stimulated with 100 ng/ml of the EGF domain of NRG1 and NRG3, which is sufficient to induce ErbB4 receptor activation (Beerli & Hynes, 1996; Graus-Porta, Beerli, Daly, & Hynes, 1997) . The average length of the processes from the edges of the neurospheres (shown as the distance between broken line and dotted line in Figure 2D ) was determined as a function of time ( Figure 2B ). NRG1 treatment significantly increased the length of the radial processes. The ErbB1/4 blocker afatinib on the other hand significantly reduced process extension. As shown previously MPEP and pyr3 also significantly reduced process length. NRG had no effect on the radial processes in the presence of afatinib. NRG1, however, restored the radial process extension in MPEP and pyr3 treated cells ( Figure 2C ). A synthetic peptide based on the active domain of NRG3 also restored the radial process elongation disturbed by MPEP ( Figure   2D ,E). Due to the commercial availability of NRG1, we proceeded to use the EGF domain of NRG1 for later experiments. Since afatinib also inhibits the kinase activity of ErbB1 (EGF receptor) we cultured NPCs in the presence of the ErbB1 blocker gefitinib. Surprisingly blocking ErbB1 with gefitinib also had a drastic effect on radial process length and this reduction was similarly rescued by ErbB4 stimulation with NRG ( Figure 2C ).
| Stimulation of muscarinic receptors with oxotremorine M restores the MPEP-induced reduction in radial process length
The culture medium (see methods section) generally used for neuronal progenitor cell culture contains 25 lM glutamate as an essential component (according to the manufacturers information). This concentration is enough to activate mGluR5. The receptor is coupled to the G q / phospholipase C-b (PLCb) system leading to Ca 21 mobilization (Brauner-Osborne & Brann, 1996; Oettling, Gotz, & Drews, 1992 response of a radial glial cell to the mGluR5 agonist 3,5-dihydroxyphenylglycine (DHPG) and the muscarinic receptor agonist oxotremorine M (oxoM) is shown in Figure 3A . In Figure 3B the correlation between the DHPG-induced and oxoM-induced Ca 21 elevation is shown in areas of radial glial processes. Note the linear correlation between the two responses in the radial processes. As shown in Figure   3C oxoM caused a significant increase in radial process extension in MPEP treated cells to the same length as in control cells. This effect was blocked by pyr3, afatinib and gefitinib ( Figure 3C ), suggesting that G q coupled muscarinic receptors recruit similar signaling components as mGluR5 to direct radial glial growth.
| Matrix metalloproteinase inhibition diminishes radial glial growth
Ectodomain shedding of membrane anchored NRG by MMP/ADAM proteases allows for the interaction of NRG with ErbB receptors (Mei & Xiong, 2008) . Neurospheres were cultured in the presence of ilomastat, a pan inhibitor of MMP/ADAM proteases. As seen in Figure 3D ilomastat (1 mM) significantly reduced radial glia process length. Administration of NRG in the presence of ilomastat restored the radial glia process length to control levels, demonstrating that unbound NRG plays an integral part in mediating radial glia growth. OxoM, however, which restored radial process growth in the presence of MPEP (see above) was unable to restore radial process growth in the additional presence of ilomastat ( Figure 3D ).
| Neuronal contacts promote radial glia growth
Image sequences of radial processes in contact or devoid of contact with neurons were analyzed to evaluate the role of neuronal cells in radial process extension. As seen in the panels of Figure 4A , once a neurite on a migrating neuronal cell is attracted to/by radial process the typically bipolar neuronal soma elongates and begins to dynamically extend and retract neurites making multiple cell-to-cell contacts (Supporting Information Video S1). This interaction appears to attract and promote the growth of radial glia process as seen in Figure 4B . Radial glia cells that lacked neuronal contact displayed a more stunted process growth ( Figure 4C,D (Jansson et al., 2012; Karkkainen et al., 2009; Louhivuori et al., 2015 Louhivuori et al., , 2013 . Figure 6C ). In the presence of 2-aminoethoxydiphenylborate (2-APB) (1 mM), a blocker of store operated Orai channels (Kukkonen, Lund, & Akerman, 2001) Figure   7A ). SKF96365 blocks some receptor operated channels (Merritt et al., 1990 ) including thapsigargin stimulated Ca 21 entry . A partial inhibition of the sustained Ca 21 elevation was also obtained with this compound ( Figure 7B) . A complete block of the Ca 21 elevation occurred upon subsequent addition of the pyrazole compound pyr2 ( Figure 7B ). Pyrazole compounds block nonselective TRPC cation channels (Kiyonaka et al., 2009 ). While pyr2 is nonselective blocking a variety of channels including Orai channels pyr3 is selective for TRPC3 channels (Kiyonaka et al., 2009 ) reviewed in (Harteneck & Gollasch, 2011) . As shown in Figure 7C pyr3 had a modest effect on NRG stimulated Ca 21 elevation while pyr2 totally reversed the sustained Ca 21 response. Statistics for inhibition of the NRG stimulated Ca 21 elevation are shown in Figure 7D . On average Gd 31 and SKF96365 caused about 50% inhibition while the effect of pyr 2 was almost total and pyr3 had a variably small effect.
3.7 | NRG-stimulated Ca 21 elevations in embryonic E14.5 cortical slabs
In order to evaluate whether the data described above on neurosphere-derived cells is of relevance, in vivo experiments were also performed with neocortical E14.5 brain sections using the Ca 21 probe fluo-4 (see methods section for experimental detail). Fluorescence responses to application of NRG were seen in about 6.0 6 0.91%
(n 5 595, N3) of the regions of interest on the apical surface of the neocortical slab. An average of the responses of DHPG, NRG and kainate in these regions are shown in Figure 8A . While the response to DHPG usually consisted of a rapid peak and a slowly declining sustained phase the response to NRG appeared slower due to a delayed response in many cells. The response to kainate was rapid and robust.
FIG URE 4
Cell-cell interaction promotes radial process growth. In a, a series of phase contrast images displaying the dynamic interaction between migrating neuronal cells and radial glia. Radial glial process growth is promoted by the interaction with neuronal cells (N). Black arrows depict representative contact points. In b, radial glia elongation (mm), measured as the change in distance from origin, plotted against time (h). The filled circles display radial glia that are in contact with neuronal cells (contact formation indicated by black arrow, CF), whilst unfilled circles represent adjacent radial glia area without direct neuronal contact (WO). Analysis was performed after 25 hr. In c, The length of the radial processes before and 5 hr after contact with neuron (6SD, N 5 18). In d, the increase in the length of connected or nonconnected radial processes during a 10 hr period (6SD, N 5 18)
The spatial distribution of these responses with respect to the different responses were then analyzed. Cells responding to both DHPG and kainate were the most abundant accounting for over 60% of the responding cells. Cells that responded to NRG also responded to DHPG and kainate, respectively ( Figure 8B ). mRNA is hardly detected in cortical regions during early brain development whereas ErbB4 expression was most prominent, becoming more restricted postnatally (Bean et al., 2014; Fox & Kornblum, 2005) .
| D I SCUSSION
Neuregulins signaling occurs via soluble or several different membrane bound forms (Mei & Xiong, 2008) . A role of NRG1 in radial glial process extension in slices has previously been described (Anton et al., 1997; Schmid et al., 2003) . A significant elongation of radial processes was obtained also in this study under basal conditions. ErbB4 receptors and neuregulin are expressed in the SVZ during neurogenesis (H. Li et al., 2012) . ErbB4 expression in isolated embryonic radial glial cells has been demonstrated using immunocytochemistry (Anton et al., 1997) .
Blocking mGluR5 and TRPC3 caused a drastic reduction in radial process growth (Jansson et al., 2012; Louhivuori et al., 2015) . As shown here, NRG was able to restore the growth of radial glial processes. This together with the finding that the ErbB4 blocker afatinib reduced process extension would suggests that NRG/ErbB4 signaling pathway works downstream of mGluR5/TRPC3 to maintain the radial glial scaffold. Activating metabotropic muscarinic receptors with oxoM, in the presence of the mGluR5 blocker MPEP, was also able to normalize radial glial growth. Inhibiting TRPC3 with pyr3 however prevented the oxoM rescue, signifying that both G q coupled receptors utilize this nonselective cation channel to maintain and promote radial glial growth.
Ecotodomain shedding of ErbB ligands can be regulated by Ca
21
(reviewed in (Ohtsu et al., 2006 ). Interestingly we have previously shown that pyr3 inhibits the mGluR5 induced Ca 21 influx (Louhivuori et al., 2015) . A lack of sheddase activation could thus explain the reduction in radial glial process elongation seen with mGluR5/TRPC3
blockade. Furthermore ilomastat, a matrix metalloprotease inhibitor, which has previously been shown to block GPCR mediated transactivation of ErbB receptors through proteolysis (Santiskulvong & Rozengurt, 2003 ) also reduced the length of radial processes. Since NRG was able to reverse the effect of ilomastat it appears likely that activation of proteolytic cleavage of ErbB receptor ligands is a downstream effector mechanism of mGluR5/TRPC3 activation. (Mei & Xiong, 2008 role of NRG3 than NRG1. As shown here soluble NRG3 was also able to rescue the reduction in radial process length caused by mGluR5/TRPC3
blockade. Previous studies have demonstrated that NRG3/ErbB4 signaling increases neurite outgrowth (Plani-Lam et al., 2015) and oligodendrocyte differentiation (Carteron, Ferrer-Montiel, & Cabedo, 2006) . Variants of NRG3 are also connected to impulsive actions, delusions and attention deficits (Falls, 2003; Morar et al., 2011) .
In conclusion, inter-receptor cross talk is a well-established concept in understanding complex signaling networks and in the translation of environmental conditions into appropriate cell responses. Our results here support the paradigm of inter-receptor crosstalk whereby the transactivation of ErbB4 by G q -coupled receptors proteins combines the broad diversity of GPCRs with the potent ErbB signaling pathway supporting the maintenance of the radial glial scaffold.
FIG URE 7 Effect of blockers on the sustained NRG induced increase in [Ca
21
] i . Experiments were performed in a phosphate and bicarbonate free medium otherwise identical to that described in methods. In a, a representative Ca 21 trace of a 1D differentiated NPC's response to ErbB4 stimulation with NRG (100 ng/ml) which was reversibly blocked by Gd 31 (1 lM). In b, a representative Ca 21 trace of a 1D differentiated NPC's response to ErbB4 stimulation with NRG (100 ng/ml) which was reversibly blocked by SKF96365 (5 lM) and irreversibly blocked by pyr2 (10 lM). In c, a representative Ca 21 trace of a 1D differentiated NPC's response to ErbB4 stimulation with NRG (100 ng/ml) which was not blocked by pyr3 (1 lM, concentration which totally blocks TRPC3) but irreversibly blocked by pyr2 (10 lM). ] i in embryonic cortical slabs. The slabs were bulk loaded with fluo-4 and recorded. In a, stimulation was performed with DHPG (10 lM), NRG (100 ng/ml), and kainate (10 lM). Average of ROIs showing responses to NRG, DHPG, and kainate (n 5 15) from one slab are shown. Error bars represent 6 SD. In b, the distribution of the different responses in this slab and the relative response to NRG (hatched). In c, a fluo-4 fluorescence image of the apical surface of the neocortical section
